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(57) ABSTRACT

A memory cell includes a storage capacitor, a read line, and a
storage transistor, where the storage transistor is connected to
the read line and is subject to activation by a charge in the
storage capacitor. An in-memory processor includes a
memory array which stores data, and an activation unit to
activate at least two cells in a column of the memory array at
generally the same time, thereby to generate a Boolean func-
tion output of the data of the at least two cells, wherein each
of'the at least two cells includes at least a storage capacitor, a
storage transistor and a read line, where the storage transistor
is connected to the read line and subject to activation by a
charge in the storage capacitor.

7 Claims, 6 Drawing Sheets
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1
CHARGE SHARING IN A TCAM ARRAY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part application
claiming benefit from U.S. patent application Ser. No.
12/503,916, filed Jul. 16, 2009, which is hereby incorporated
in its entirety by reference. This application also claims ben-
efitfrom U.S. Provisional Patent Application No. 61/382,952,
filed Sep. 15, 2010, which is hereby incorporated in its
entirety by reference.

FIELD OF THE INVENTION

The present invention relates to memory cells generally
and to their use for computation in particular.

BACKGROUND OF THE INVENTION

Memory arrays, which store large amounts of data, are
known in the art. Over the years, manufacturers and designers
have worked to make the arrays physically smaller but the
amount of data stored therein larger.

Computing devices typically have one or more memory
array to store data and a central processing unit (CPU) and
other hardware to process the data. The CPU is typically
connected to the memory array via a bus. Unfortunately,
while CPU speeds have increased tremendously in recent
years, the bus speeds have not increased at an equal pace.
Accordingly, the bus connection acts as a bottleneck to
increased speed of operation.

SUMMARY OF THE INVENTION

There is provided, in accordance with a preferred embodi-
ment of the present invention, a NOR device including a
plurality of memory cells which store data, where each of the
memory cells include at least a storage capacitor, a storage
transistor and a read line, where the storage transistor is
connected to the read line and subject to activation by a charge
in the storage capacitor and an activation unit to activate at
least two of the memory cells in a column at generally the
same time thereby to generate a NOR output of the data of the
at least two memory cells.

Moreover, in accordance with a preferred embodiment of
the present invention, the plurality of memory cells is a col-
umn of memory cells and wherein the NOR device imple-
ments a NOR gate.

Further, in accordance with a preferred embodiment of the
present invention, the plurality of memory cells is an array of
memory cells and the NOR device implements a plurality of
NOR gates.

There is also provided, in accordance with an alternative
preferred embodiment of the present invention, an
in-memory processor including a memory array which stores
data and an activation unit to activate at least two cells in a
column of the memory array at generally the same time
thereby to generate a Boolean function output of the data of
the at least two cells, where each of the at least two cells
include at least a storage capacitor, a storage transistor and a
read line, where the storage transistor is connected to the read
line and subject to activation by a charge in the storage capaci-
tor.

Moreover, in accordance with a preferred embodiment of
the present invention, the activation unit includes a multiple
row decoder to activate at least one cell in each of more than
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one row of the memory cells at a time and an output unit at
least to write the NOR’d output of at least one column of
activated cells into the memory cells.

Further, in accordance with a preferred embodiment of the
present invention, the memory array has at least a first portion
to store data and at least a second portion available for pro-
cessing.

Still further, in accordance with a preferred embodiment of
the present invention, the memory cells are standard memory
cells known in the industry, and referred to henceforth, as 3T
DRAM cells. Alternatively, they can be SRAM cells, DRAM
cells or non-destructive cells.

Alternatively, in accordance with a preferred embodiment
of the present invention, the memory cells may be those that
provide a determinate result when multiple cells are read
together.

Moreover, in accordance with a preferred embodiment of
the present invention, the output unit includes a selectively
activatable inverter and wherein also including a controller to
instruct the row decoder as to which cells to activate and to
instruct the output unit when to activate the inverter thereby to
generate the Boolean function.

Further, in accordance with a preferred embodiment of the
present invention, the Boolean function is one of OR, NOR,
AND and NAND.

There is also provided, in accordance with a preferred
embodiment of the present invention, a content addressable
memory (CAM) unit without any in-cell comparator cir-
cuitry.

Moreover, in accordance with a preferred embodiment of
the present invention, the CAM unit includes a memory array,
a multiple row decoder, a controller and an output unit. The
memory array has storage cells arranged as data rows and
complement rows, where each of the storage cells includes at
least a storage capacitor, a storage transistor and a read line,
where the storage transistor is connected to the read line and
subject to activation by a charge in the storage capacitor. The
multiple row decoder activates more than one row of the
memory array at a time and the controller indicates to the
multiple row decoder to activate data rows or complement
rows as a function of an input pattern to be matched. The
output unit indicates which columns generated a signal, the
columns matching the pattern.

Moreover, in accordance with a preferred embodiment of
the present invention, the memory cells may be 3T DRAM
cells, SRAM cells, DRAM cells, non-destructive cells or cells
which provide a determinate result when multiple cells are
read together.

Further, in accordance with a preferred embodiment of the
present invention, the output unit includes a write unit to write
the result into the memory array.

Still further, in accordance with a preferred embodiment of
the present invention, the memory array has at least a first
portion to store data and at least a second portion into which
the output unit writes.

There is also provided, in accordance with a preferred
embodiment of the present invention, a method including
activating at least two rows of pure memory cells, where each
of'the pure memory cells includes at least a storage capacitor,
a storage transistor and a read line, where the storage transis-
tor is connected to the read line and subject to activation by a
charge in the storage capacitor and reading at least one col-
umn of activated the memory cells, the reading generating a
binary function of data stored in the activated memory cells.

Moreover, in accordance with a preferred embodiment of
the present invention, the method also includes writing the
binary function into one or more rows of the memory cells.
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Further, in accordance with a preferred embodiment of the
present invention, the activating includes activating data rows
or complement rows as a function of an input pattern to be
matched and also including indicating which columns
matched the pattern.

Still further, the method also includes storing a0 in a cell of
a data row and in its complement cell.

Additionally, the method also includes storing a 1 in a cell
of a data row and in its complement cell.

There is also provided, in accordance with a preferred
embodiment of the present invention, a memory cell includ-
ing a storage capacitor; a read line, and a storage transistor,
where the storage transistor is connected to the read line and
subject to activation by a charge in the storage capacitor.

Further, in accordance with a preferred embodiment of the
present invention, the memory cell also includes a read tran-
sistor connected to a read enable word line, and a write
transistor connected to a write enable word line.

Still further, in accordance with a preferred embodiment of
the present invention, the memory cell is configurable to be
activated at generally the same time as at least one other said
memory cell in the same column of a memory array of
memory cells, thereby to generate a NOR output of the data of
the at least two memory cells.

Finally, in accordance with a preferred embodiment of the
present invention, the memory cell is configurable to be acti-
vated at generally the same time as at least one other memory
cell in the same column of a memory array of memory cells,
thereby to generate a Boolean function output of the data of
the at least two cells.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter regarded as the invention is particularly
pointed out and distinctly claimed in the concluding portion
of' the specification. The invention, however, both as to orga-
nization and method of operation, together with objects, fea-
tures, and advantages thereof, may best be understood by
reference to the following detailed description when read
with the accompanying drawings in which:

FIG. 1 is a circuit diagram illustration of an exemplary
memory cell;

FIG. 2 is a circuit diagram illustration of a multiple read of
a plurality of cells of FIG. 1;

FIGS. 3A and 3B are schematic illustrations of an in-
memory processor, constructed and operative in accordance
with a preferred embodiment of the present invention;

FIG. 4 is a truth table illustration of an exemplary set of
operations of the processor of FIGS. 3A and 3B to implement
a full adder;

FIG. 5A is a schematic illustration of an in-memory con-
tent-addressable memory (CAM), constructed and operative
in accordance with a preferred embodiment of the present
invention;

FIG. 5B is a schematic illustration of an exemplary opera-
tion of the CAM of FIG. 5A;

FIG. 6 is a circuit diagram illustration of an exemplary
memory cell; and

FIG. 7 is a circuit diagram illustration of a novel three
transistor memory cell constructed and operative in accor-
dance with a preferred embodiment of the present invention.

It will be appreciated that for simplicity and clarity of
illustration, elements shown in the figures have not necessar-
ily been drawn to scale. For example, the dimensions of some
of'the elements may be exaggerated relative to other elements
for clarity. Further, where considered appropriate, reference

25

35

40

45

55

4

numerals may be repeated among the figures to indicate cor-
responding or analogous elements.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the invention. However, it will be understood by those
skilled in the art that the present invention may be practiced
without these specific details. In other instances, well-known
methods, procedures, and components have not been
described in detail so as not to obscure the present invention.

Applicants have realized that computing operations may
be performable within the memory array. As an illustration,
FIG. 1 illustrates a standard 3T DRAM memory cell, formed
of' three transistors, T1, T2, T3 and a capacitor C1. The input
to transistor T1 is connected to aread (R) line while its gate is
connected to a read enable (RE) or a word line. The input to
transistor T3 is connected to the output of transistor T1 while
its gate is connected to the output of transistor T2, which is the
input to capacitor C1. The output of transistor T2 is connected
both to the output of capacitor C1 and to ground. The input to
transistor T2 is connected to a write (W) line while its gate is
connected to a write enable (WE) word line.

To read the cell of FIG. 1, a pre-charge is applied to read
line R and word line RE is activated (i.e. its voltage level is
raised). With word line RE activated, transistor T1 is active,
which, in turn, provides input to transistor T3. If capacitor C1
has charge (alogic “1” in one embodiment), transistor T3 will
be activated, providing a path to ground (through transistors
T1 and T3) and, as a result, discharging read line R. If capaci-
tor C1 has no charge (alogic “0” in this embodiment), then T3
remains closed and read line R remains charged.

Reference is now made to FIG. 2, which illustrates multiple
cells of FIG. 1, implemented in a memory array. There are
multiple word lines REi and WEi, defining rows, and multiple
read lines Rj and write lines Wj, defining columns, where
each read line Rj is connected on output to sensing circuitry
SA.

Three rows 1 are shown, rows 0, 1, and 2, with columns j
through N. Each cell is formed at the intersection of a word
line and a read line. Thus, cell M2N is the second row, Nth
column.

Applicants have realized that, if multiple word lines RE are
activated at the same time, as shown, sensing circuits SA will
sense a discharge of read lines R when any of the cells in their
column discharge the line (i.e. if any of the cells in the column
are 1s). Sensing circuitry SA will only sense a charge when all
cells in the column are not charged (i.e. when all of them are
0s). Applicants have realized that this is a natural NOR of the
activated cells in the column; it only produces a signal when
the cells are all Os. While this realization may not be useful for
determining the values of the stored data (since one cannot
know which cell or cells were unchanged), Applicants have
realized that it is useful for implementing the kind of Boolean
mathematics which is at the heart of all computing devices.

In FIG. 2, word lines RE0O and RE1 are activated, as are all
read lines Rj. Cells M00-MON and cells M10-M1N are acti-
vated and provide their signals to their read lines Rj. Each
sensing circuit SAj may generate the NOR of M0;j with M1;.
Thus, multiple NOR operations may be performed, one per
column. It will be appreciated that these NOR operations may
be performed without any comparison circuitry.

If sensing circuits SA are implemented as inverters or if
inverters are added to them, then they may generate the OR of
the cells. Alternatively, if the charge on the memory cell is
defined as a “0” (and a lack of charge is defined as a “1”), then
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the output of sensing circuits SA is a discharge (i.e. a 1 in this
embodiment) when any of the cells in the column are 0 and a
charge (i.e. a 0) only when all of'the cells in the column are 1.
This is an NAND of all activated cells. For this embodiment,
implementing sensing circuits SA with inverters generates an
AND. Thus, all four Boolean operations may be implemented
with the read of multiple rows of the memory array.

It is well known that any circuit or logic may be built from
NAND and AND gates alone. Thus, the Karnuagh Map
Analysis, which creates optimized combinations of AND and
OR operations required to implement a specific truth table, is
applicable. Karnaugh Map Analysis is a standard tool for any
hardware implementation of logic.

All the tools of circuit theory may be applied to the present
invention, such as truth tables, look up tables, De-Morgan’s
Laws, etc.

Reference is now made to FIGS. 3A and 3B, which illus-
trate an in-memory processor 10, constructed and operative in
accordance with a preferred embodiment of the present
invention. Processor 10 may comprise a memory array 12, a
multiple row decoder 14, an optional YMUX 16, sensing
circuitry 18, a Boolean function write unit 20 and a controller
21. Memory array 12 may be any suitable memory array,
volatile or non-volatile, such as a RAM, a DRAM, an SRAM,
etc., which may be pure memory cells, designed to store data
only and with no additional circuitry within array 12. Boolean
function write unit 20 may comprise selectively activatable
inverters 28.

In accordance with a preferred embodiment of the present
invention, memory array 12 may be a single memory array or
may be divided into two sections, a data section 22, in which
the data may be stored, and a processing section 24, which
may receive the results of various types of processing on the
data of data section 22. For the examples of FIGS. 3A and 3B,
memory array 12 will be assumed to be divided into the two
sections 22 and 24.

Multiple row decoder 14 may be any suitable row decoder
able to decode more than one row at a time, as described in
more detail hereinbelow. For reading, row decoder 14 may
activate two or more rows of memory array 12 ata time. If all
columns are to be processed at one time, in a massively
parallel operation, then YMUX 16 is not necessary. However,
if only some of the columns are to be processed, YMUX 16
may activate the selected read lines. Controller 21 may indi-
cate to row decoder 14 which word lines to activate for the
current operation. For operation on individual or selected
columns, controller 21 may also indicate to YMUX 16 which
read or write lines to activate.

Sensing circuitry 18 may be formed of any suitable sensing
circuitry and may determine if the currently active read lines
are discharged or not. Since row decoder 14 may have acti-
vated multiple rows, each read line will remain charged only
if all of the activated memory cells connected in its column
had uncharged capacitors. If any of the memory cells in the
column had a charged capacitor, the read line will be dis-
charged. Thus, as mentioned hereinabove, the output of each
sensing circuit may be a Boolean function of the states of the
memory cells in each column (where the Boolean function
may depend on how the data is perceived (e.g. which state is
considered the O state) and/or if the sensing circuits include
inverters such as selectively activatable inverters 28). Thus, if
rows R1 and R2 of data section 22 were read out, sensing
circuitry 18 may generate the Boolean function BF(R1,R2) of
rows R1 and R2 as is shown in FIG. 3A.

As mentioned hereinabove, write unit 20 may include
selectively activatable inverters 28 to invert the output of
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sensing circuitry 18, as necessary. Such inverters may be
selectively operative, upon instructions from controller 21.

Controller 21 may indicate to Boolean function write unit
20 to write the output of sensing circuitry 18 (inverted or
otherwise) back into memory array 12, for example, into
processing section 24. If the output was a discharge, then
write unit 20 may discharge the capacitor in the cell being
written. Conversely, if the output was a charge, then write unit
20 may charge the capacitor in the cell being written. In the
example of processing rows R1 and R2, write unit 20 may
write BF(R1,R2) into processing section 24.

For the cells of FIG. 1, to effect the write operation, con-
troller 21 may indicate (dashed line 23) to row decoder 14 to
activate the write enable WE word line for the desired row of
processing section 24, to optional YMUX 16 (dashed line 25)
to activate the appropriate write W lines (alternatively, all
write lines W may be activated) and to write unit 20 (dashed
line 27) to provide the BF(R1,R2) it received and, possibly,
inverted. It will be appreciated that other types of cells may
require other types of lines to be activated.

It will be appreciated that in memory processor 10 may
perform Boolean operations on the data stored in memory
array 12 and, when operating on many columns, may imitate
a massively parallel processing unit, all without the use of a
bus to move data from a memory unit to the processing unit.
The computations occur within the memory array, as a result
of the read operation. Thus, in memory processor 10 may
implement any Boolean gate, (NOR or otherwise), and any
Boolean operation, on a single column, on multiple columns,
or on all of the columns of the array, a massively parallel
operation. Memory array 12 may be large, to implement
massively parallel operations, or it may be a single column, to
implement simple Boolean gates.

In accordance with a preferred embodiment of the present
invention, multiple row decoder 14 may activate any sets of
rows necessary. Some operations may require that only data
rows (of data section 22) be activated while other operations
may require that one or more of the rows to be activated be
rows of processing section 24.

Standard row decoders activate a single row at a time.
Multiple row decoder 14 may be formed from a combination
of multiple row decoders. Alternatively, a multi-bit register,
such as a 64-bit register, may be suitable. Such a register may
store a pattern, where a bit value of 1 may activate a read
enable line RE or a write enable line WE.

In another embodiment, write unit 20 may write over a row
of'data. For this embodiment, write unit 20 may be a selective
write unit, such as is described in U.S. patent application Ser.
No. 12/113,474, filed May 1, 2008 and assigned to the com-
mon assignees of the present application. Such a unit may
generate tag tlags for each cell, where a tag flag may be set to
1 when the output of write unit 20 is 1 and to 0 when the output
is 0, or vice versa. The selective write operation may then
activate only the write lines with a tag flag of 1 and may write
either a 1 or a O to the cell, as appropriate.

Ina further embodiment, write unit 20 may write more than
one row of data when writing to memory array 12. Alterna-
tively or in addition, write unit 20 may also write the comple-
ment of the result it received.

Reference is now made to FIG. 4, which illustrates a truth
table for implementing a full adder (i.e. an adder capable of
adding two bits A and B with a carry C from a previous
operation) Bits A and B and carry C are stored in different
rows of the same column. The columns A, B and C of FIG. 4
list the possible values that the inputs A and B and carry C can
have. The columns ~C, ~B, and ~A of FIG. 4 list the comple-
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ments of columns C, B and A. To generate the new carry C1,
controller 21 may execute the following exemplary opera-
tions:

T=NOR(~C,4,B)
T1=NOR(~C,T)
T2=NOR(C,~4,~B)

C1=OR(T1,12)

In other words, in the first cycle, ~C, A and B may be read
from memory array 12 and then written back into T, typically
located in processing section 24. In the second cycle, ~C and
T may be read and then written into T1. In the third cycle, C,

~A and ~B may be read and then written into T2. Finally, to !

generate new carry C1 for the next operation, T1 and T2 may
be read, inverted (to perform the OR operation) and then
written into C1. Although FIG. 4 shows a truth table, and thus,
the discussion above provides an explanation of the operation
on single bits, it will be appreciated that the operations given
above and below may be performed on single bits, multiple
bits or entire rows of data, as instructed by controller 21. Each
sensing circuitry receives the output of one calculation, which
is the output of one column, and thus, operating on entire rows
is a massively parallel operation.

To generate the new sum S1, controller 21 may execute the
following exemplary operations:

T1=NOR(C,B,4)
T2=NOR(T1,T)
T1=NOR(~C,~B,~A4)

S1=OR(T1,T2)

In other words, in the fifth cycle, C, B and A may be read
from memory array 12 and then written back into T1. In the
sixth cycle, T1 and T may be read and then written into T2. In
the seventh cycle, ~C, ~B and ~A may be read and then
written into T1. Finally, to generate new carry S1, T1 and T2
may be read, inverted and then written into S1. S1 and C1 may
be stored in processing section 24 or in data section 22, as
desired and instructed by controller 21.

It will be appreciated that the operations shown in FIG. 4
and discussed hereinabove are exemplary only; other series of
Boolean operations may be performed to generate the same or
similar results in more or fewer cycles. The present invention
may be used to replace any logic gate and/or a set of logic
gates in standard circuitry. Moreover, it may implement mas-
sively parallel logic gates.

If the complement values have not already been stored,
then a few cycles may be devoted to generating them. To
generate complements, the data of interest may be read and
inverted via the inverter(s) in write unit 20. The result may be
written into processing section 24. A complement operation
may be performed once and the complement data may be
reutilized for as many operations as necessary.

Inverters 28 may not be strictly required. An OR operation
may be implemented by performing the NOR operation twice
(since the single input NOR of a NOR is an OR). Thus, the
data to be OR’d may be read and its NOR’d result written into
cell(s) of the memory array 12 (with or without the selective
write operation described hereinabove). The data of the pro-
cessed cell(s) may then be read and the result may be the OR.

It will further be appreciated that the selective write opera-
tion described hereinabove may also be implemented without
any hardware. In the selective write described hereinabove as
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illustrated in FIG. 3B, a compare operation was performed
between a data row DR and a result row RR where the purpose
of the operation is to use the results in results row RR to
determine which bits in data row DR to change, what value to
change them to and which bits in data row DR to leave
unchanged. Result row RR is typically the result of one or
more Boolean functions performed on one or more rows.

With the present invention, various operations may be per-
formed on data row DR and result row RR, depending on the
type of operation desired. For example, if it is desired to
modify datarow DR by writing a 1 in data row wherever there
is a 1 in result row RR, controller 21 may instruct the opera-
tion of OR(RR,DR). To modify data row DR by writing a 1
wherever there is a 0 in result row RR, controller 21 may
instruct the operation of OR(~RR,DR). Instructing AND(RR,
DR) may write a 0 to data row DR wherever there was a 0 in
result row RR and instructing AND(~RR,DR) may write a 0
to data row DR wherever there was a 1 in result row RR.

It will be appreciated that, in the operations illustrated
herein and in other operations necessary for a computing
device, there are no cycles wasted in copying the data
between registers and a processing unit and there is no bus to
slow the operation down. Moreover, there is no processing
device and thus, the real estate on a chip required to imple-
ment a computing system may be significantly smaller.

The memory cell of FIG. 1 is known as a 3T DRAM cell. It
is only one example of the type of memory cells for which the
present invention is applicable. The present invention is appli-
cable to any memory array which relies on line discharge to
perform their read operation. Additionally, it may be possible
to make bi-stable SRAM cells work with discharge.

The present invention is applicable to any memory array
which may produce a determinate result when multiple rows
may be read together. It may be applicable to DRAM as well,
although DRAM spills its charge out when read. The stored
value is determinate, but the charge is removed upon reading.
Accordingly, DRAM includes circuitry to restore the read
row. However, this is only applicable where one row is read at
a time. If multiple rows are read at one time, there is no way
to restore the data.

For the present invention, when operating with DRAM and
other memory array types which destroy the data upon read-
ing, an AND gate may be added for each column of the
memory array, to AND a column and the value stored in an
output row, stored in write unit 20. Each row may be activated
separately and its output read into the AND gates for the
activated columns. The AND gates may AND the output of
the cells, for all separately activated rows, holding the result
between activation of the rows. The output row may be
refreshed at the end of each operation. For this embodiment,
the array may perform the AND operation, rather than the
NOR operation. Alternately, multiple rows can be read but
then the original data is lost. This technique is restricted to
situations where loss of data is acceptable or if the data about
to be destroyed is first copied to a different location for future
use.

In a further embodiment, sensing circuitry 18 may be
unnecessary. Row decoder 14 may activate multiple rows for
reading and may activate a row for writing at generally the
same time. This is particularly apt for 3T DRAM cells, which
have separate read and write enable lines and separate read
and write column lines. Write unit 20 may initially activate
the read lines and then may activate the write lines. Accord-
ingly, other embodiments of this invention may use a modi-
fied 3T cell where the read and write lines are merged into a
single line.
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Reference is now made to FIG. 5A, which illustrates an
in-memory content-addressable memory (CAM) unit 30,
constructed and operative in accordance with a preferred
embodiment of the present invention, and to FIG. 5B, which
illustrates its operation for finding a pattern of 1001.

CAM unit 30 may comprise a memory array 32, a multiple
row decoder 34, a CAM controller 36, sensing circuitry 38
and a CAM output unit 40. Memory array 32 may be formed
from any suitable memory array, such as the types of memory
arrays discussed hereinabove, and may store the CAM data
whose content is to be searched. Typically, each item of data,
such as an address in a router, a telephone number, or any
other information for which a hardware search is useful, may
be stored in a column of memory array 32. Typically, memory
array 32 may comprise a significant number of columns and
may thus store a significant number of items of data.

CAM controller 36 may receive a CAM pattern to match
and may indicate to multiple row decoder 34 to activate the
appropriate rows of array 32 accordingly, as will be described
in more detail hereinbelow. Sensing circuitry 38 may sense
the Boolean function output of the multiple activated rows,
typically for all columns, and may provide the output to CAM
output unit 40. CAM output unit 40 may indicate which
columns matched the input pattern.

For CAMs, a match between the input pattern and the data
stored in a specific column should generate a 1 as the output
for that column. However, recall that, in one embodiment of
the present invention, when reading a single row, the present
invention performs a NOR operation of that row. Specifically,
when the activated cell has stored a charge (i.e. a 1), the
present invention will generate a O (i.e., a discharge of the read
line) for the entire column, an undesired result for CAMs.

Applicants have realized that, if the complement cell (a cell
with no charge (i.e. a 0)) is activated, the present invention
will generate a 1. Since, for a CAM, a match between the
input pattern and the stored data in a column should always
generate a 1 and, since in this invention, only a matched O may
generate a 1, CAM controller 36 may activate whichever row
(data or complement) may match a O to the data bits in the row.
Thus, CAM controller 36 may activate the data row when the
CAM pattern bit is a O (to generate a 1 wherever a 0 is stored
in the data row) and may activate a complement row (which
has a O whenever there is a 1 value in the data row) to generate
a 1 when a1 is present in the data row.

Thus, in accordance with a preferred embodiment of the
present invention, each row of actual data may be stored as a
row and its complement row. Accordingly, FIG. 5B shows
rows W and ~W, X and ~X, etc.

FIG. 5B provides an exemplary illustration for an input
pattern WXYZ of 1001. Three, four bit addresses may be
stored in columns, with each bit being stored as two bits, in a
data row, such as row W, and a complement row, such as row
~W. Column 1 may store the pattern 1001 (as 10,01,01,10),
column 2 may store the pattern 0101 (as 01,10,01,10) and
column 3 may store the pattern 1011 (as 10, 01, 10, 10). CAM
controller 36 may receive the input pattern 1001 and may
indicate to multiple row decoder 34 to activate the row pattern
~W, X,Y, ~Z (i.e. complement rows ~W and ~Z to find the 1s
and data rows X and Y to find the Os). The activated rows are
boxed in FIG. 5B.

Column 1, for which the pattern 0000 is read upon activa-
tion of rows ~W, X, Y and ~Z, generates a match, as none of
the activated cells discharge the read line (the activated cells
are all 0 s). Columns 2 and 3, for which the patterns 1100 and
0010 may read, do not generate a match, as their patterns
include at least one 1 in them, which discharges their read
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lines. The result is a simultaneous matching of three columns
to the input CAM pattern, resulting in only one successful
match, column 1.

CAM output unit 40 may generate an output signal which
has a 1 for each column for which there was a match.

There are CAMs which store binary data (1s and Os), and
CAMs which store ternary data, (1s, Os and Xs (i.e. don’t
care)). The present invention may store an X by storing a 0 in
the cell of both the data row and the complement row (for this
embodiment, the complement row is not a perfect comple-
ment). Thus, if the data to be stored is 10x, the data rows may
store 100 and the complement rows may store 010. Due to the
stored X value, CAM unit 30 may find a match to both a 100
and a 101 input pattern.

The present invention may also store quadrary data, with
bit values of 1, 0, X and Y (i.e. an always fail state). In this
embodiment, theY data may be stored by storing a 1 in the cell
of both the data row and the complement row. Thus, if the
pattern is 10Y, the data rows may store 101 and the comple-
ment rows may store 011. Due to the stored Y value, CAM
unit 30 may not find a match to either a 100 or a 101 input
pattern.

This always-fail functionality may be useful as one way of
implementing an Weise functionality. In CAM unit 30, each
column of memory array 32 may be seen as a full bit-wise
Turing machine processor plus an arithmetic logic unit
(ALU). The in-memory processor described hereinabove
may read data, may write data and may perform arithmetic
operations on the data of a column. There is therefore a need
to implement basic Weise or branching functionality.
Depending on this or other values in the same column, the
branching logic may require that a specific column not par-
ticipate in a specific calculation. One way of implementing
this decision may be to write a 1 to both the data and its
complement row. As a result, the specific column (with the 1
in its data and complement row) will always fail regardless of
the input pattern, as long as the rows are part of the search.

Another, perhaps simpler example of the use of the always-
fail feature is for invalid numbers. There are many database
applications which may use a CAM for searching and these
applications may want to include the concept of an invalid or
out-of-range number.

It will be appreciated that CAM unit 30 may implement a
CAM, but within a standard memory array and without any of
the comparison circuitry which makes CAM cells so large
and expensive to manufacture.

A parallel architecture for machine vision, which is based
on an associative processing approach using CAM cells, is
described in a PhD thesis by Akerib, entitled “Associative
Real-Time Vision Machine,” Department of Applied Math-
ematics and Computer Science, Weizmann Institute of Sci-
ence, Rehovot, Israel, March, 1992, which is incorporated
herein by reference. The thesis describes a method for pro-
ducing massively parallel processing of a generic type using
a CAM array and shows how to perform ALU and IF opera-
tions using a CAM array and by writing the results of opera-
tions back to the CAM array. It will be appreciated that the
associative processing described in the PhD thesis may also
be implemented with CAM unit 30.

It will be appreciated that the present invention may pro-
vide massively parallel, generic processing. In the embodi-
ment of FIG. 3, each column in memory array 12 may imple-
ment a Boolean operation and these operations may be
performed on multiple columns generally simultaneously.
Multiple Boolean operations may implement any computing
operation. The associative processing described in Akerib’s
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thesis also provides massively parallel processing and may be
performed using the embodiment of FIG. SA.

Reference is now made to FIG. 6 which illustrates a stan-
dard 3T DRAM cell 100 similar to that of FIG. 1. Cell 100
may comprise write enable word line 110, read enable word
line 120, write line 130, read line 140, capacitor 180 and T1,
T2 and T3, herein respectively labeled “rd” (read) 150, “wr”
(write) 160, and “st” (storage) 170. Capacitor may be con-
nected to st 170 via connection 181, rd 150 may be connected
to read enable word line 120 and read line 140 via connection
151 and 141, respectively.

As discussed hereinabove, in order to read cell 100, a
pre-charge may be applied to read line 140 to activate read
enable word line 120 by raising its voltage level. Activating
read enable word line 120 may serve to activate rd 150 via
connection 151, which, in turn, provides input to st 170.
Accordingly, if capacitor 180 has charge, st 170 may there-
fore be activated via connection 181, thus providing a path to
ground (through transistors rd 150 and st 170) and, as a result,
discharging read line 140 via connection 141. If capacitor 180
has no charge, then st 170 may remain closed and read line
140 may remain charged.

Unfortunately, as indicated in FIG. 6, there may typically
be parasitic capacitance 199 between transistors st 170 and rd
150 which may not be charged during the precharge stage.
Accordingly, during the read step the voltage in read line 140
may drop somewhat even if capacitor 180 may not be
charged. The combined effect of opening multiple rows (such
as in the embodiment of FIG. 2) during the read step may
cause the voltage in read line 140 to drop significantly even if
no capacitors 180 are charged. This “leakage” from parasitic
capacitance 199 may therefore render it difficult or even
impossible for a sensing circuit to determine the outcome of
aread cycle.

Applicants have realized that the effect of such leakage
may be avoided by switching the relative positions of rd 150
and st 170, such that parasitic capacitance 199 may not affect
read cycle outcomes. Reference is now made to FIG. 7 which
illustrates a novel memory cell 200, constructed and operative
in accordance with a preferred embodiment of the present
invention. Memory cell 200 may comprise generally the same
elements as memory cell 100; identical reference numerals
may refer to identical elements. However, the relative posi-
tions of rd 150 and st 170, now labeled rd 150" and st 170', may
be switched, such that st 170' may now be directly connected
to read line 140 via connection 141 instead of rd 150'.

It will be appreciated that although st 170" may now be
directly connected to read line 140, it may still be connected
to capacitor 180 via wire 181, now labeled 181', such that a
charge in capacitor 180 may still activate st 170". It will
similarly be appreciated that even though in its new position
rd 150" may no longer be connected with read line 140, it may
still be connected to read enable word line 120 via connection
151"

Accordingly, if st 170' may be activated, i.e. there is a
charge in capacitor 180, parasitic capacitance 199 may also
be charged during the precharge state, such that a path to
ground may be provided through transistors st 170" and rd
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150" and read line 140 may be discharged. If capacitor 180
may not have a charge, then st 170' may remain closed and
read line 140 may remain charged.

Accordingly, it will be appreciated that logically memory
cell 200 may function in generally the same manner as
memory cell 100, with the added benefit of addressing the
leakage issue of parasitic capacitance 199. It will also be
appreciated that memory cell 200 may also be suitable for
regular memory purposes where only one row may be opened
atatime. The “leakage” effect of opening a single row may be
expected to be considerably less significant than the cumula-
tive effect of simultaneously opening multiple rows as
described hereinabove.

While certain features of the invention have been illus-
trated and described herein, many modifications, substitu-
tions, changes, and equivalents will now occur to those of
ordinary skill in the art. It is, therefore, to be understood that
the appended claims are intended to cover all such modifica-
tions and changes as fall within the true spirit of the invention.

What is claimed is:

1. A content addressable memory (CAM) unit comprising:

a memory array of storage cells located at the intersection
of word lines defining rows and read lines defining col-
umns, each of said storage cells comprising at least a
storage capacitor, a storage transistor and a read line,
wherein said storage transistor is connected to said read
line and subject to activation by a charge in said storage
capacitor;

a controller to provide an indication to a multiple row
decoder to activate at a same time more than one word
line in said memory array as a function of an input
pattern to be matched;

said multiple row decoder to activate said more than one
word line responsive to said indication; and

a CAM output unit to output a result associated with which
columns of storage cells comprise data matching said
pattern,

wherein said CAM output unit comprises a write unit to write
said result into said memory array.

2. The CAM unit according to claim 1 and wherein said
memory array of storage cells comprises 3T DRAM cells.

3. The CAM unit according to claim 1 and wherein said
memory array of storage cells comprises one of the following
type of memory cells: SRAM cells, DRAM cells, and non-
destructive cells.

4. The CAM unit according to claim 1 and wherein said
memory array of storage cells provides a determinate result
when multiple cells are read together.

5. The CAM unit according to claim 1 and wherein said
memory array has at least a first portion to store data and at
least a second portion into which said CAM output unit
writes.

6. The CAM unit according to claim 1 and wherein said
CAM unit is a ternary CAM unit.

7. The CAM unit according to claim 1 and wherein said
CAM unit is a quadrary CAM unit.
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